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In this article magnetized plasma filled traveling wave tubes are investigated. The mentioned system, is
located inside a cylindrical wall. The space between the helix and the wall is filled with dielectric mate-
rial. Dispersion relation for the azimuthally symmetric modes is achieved. Using field theory and by
applying appropriate boundary conditions, dispersion relation is obtained for the desired configuration.
An axial component of the electric field is investigated as an important parameter in the traveling wave
tubes numerically. In this paper, the radial electric field changes are analyzed numerically for varying
amounts of plasma density, dielectric constant, helix radius and axial magnetic field.
 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Helix traveling wave tube (TWT) is a kind of very important
microwave device, which can provide high-energy output and
can work perfectly in a wide frequency range. Pierce and cowork-
ers [1] first studied it. One of the common features of a TWT is a
slow-wave structure (SWS) such as a dielectric material, disk-
loaded waveguide, or a helix [2–6]. The physical mechanism of
operation is that the SWS reduce the phase velocity of the electro-
magnetic wave to synchronize it’s velocity with the electron beam
velocity, so that a strong interaction between the two can take
place. This phenomenon of Cerenkov emission is the basis for all
TWTs.
The traveling wave tube is used for amplification of the high fre-
quency signal, heating of the plasma [7], satellite transponders [8]
and the radar [9].
Recently, much attention is paid to the study of many kinds of
plasma-loaded microwave devices for efficiency enhancement
[10–14]. Pant et al. investigate the excitation of the hybrid
electrostatic-electromagnetic modes in a plasma loaded helix
[15]. The electron beam ionizes the residual gases in the container
and plasma of sensible density is formed. It has been found exper-
imentally that injection of plasma into the microwave devices may
enhance the interaction and the output power. The plasma filling
can also improve the transmission quality of electron beam; even
make beam transmission without a guiding magnetic field[16,17]. The specific geometry under study is illustrated in Fig. 1.
A conducting waveguide of radius Rg encloses a hollow dielectric
with an inner radius Rh ¼ Rd. Background plasma with a uniform
density distribution of radius Rp is loaded inside the helix. The pur-
poses are the investigation of the dielectric constant, plasma den-
sity, axial guide magnetic field, and helix radius effects on the
radial variation of axial electric field. In this manuscript, we expand
a complete self-consistent and field theory of the plasma-loaded
helix TWT [18] by solution of the fluid equation and Maxwell’s
equations. The boundary condition includes two regions: (1) inside
the helix that includes the plasma and (2) between the helix and
the wall that is dielectric.
The organization of the paper is as follows. Section ‘Perturbed
transfer fields’ is devoted to the derivation of the perturbed trans-
verse fields in region 1. The dispersion relation is determined in
section ‘The dispersion relation’ through application of the
appropriate boundary conditions upon the solution of Maxwell’s
equations. In section ‘Numerical results and conclusions’, we deal
with numerical results and conclusion.
Perturbed transfer fields
The plasma-filled tape helix (loaded cylindrical drift tube) is
presented in the presence of a uniform axial magnetic field
B0 ¼ B0e^z. The charge density is described by
n0ðrÞ ¼ npHðRp  rÞ ð1Þ
where np and Rp are the ambient plasma density and plasma radius,
respectively. The H is the Heaviside function. Fig. 1 shows the
Fig. 1. Cross-sectional view of the structure. The dielectric fills the region between
Rh (helix radius) and Rg (conducting wall radius) and plasma fills the region
between 0 and Rh.
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enough such that a conducting cylindrical sheet of radius Rh, width
1, and pitch angle u model it. The helix pitch is described with the
unit vector [14].
e^u ¼ e^h cosuþ e^zsinu ð2Þ
For the cold plasma the perturbed current density is described
with small perturbations about the equilibrium state,
np ¼ n0p þ dnp and vp ¼ dvp. The nonlinear effects are neglected.
The perturbed current density and charge density are obtained
by using the linearized continuity, momentum transfer, Maxwell’s
equations and Floquent’s theorem, as follows:
d^J?;I¼ c4p
apK0p
KþpKp
ck
x
r?dE^z e^zr?dB^zþ i ckx e^zr?dE^zþr?dB^z
  
;
ð3Þ
where
Rpðx; kÞ ¼ apK0pKþpKp ; Kþp ¼ 1
x2px
c2v2ðxXceÞ ;
Kp ¼ 1
x2px
c2v2ðxþXceÞ
ap ¼
x2px2
c2v2ðx2  ðXceÞ2Þ
;K0p ¼ 1
x2p
c2v2 v ¼ ðx
2=c2  k2Þ1=2:
where Xce ¼ eB0=mec and x2p ¼ 4pnpe2=me are the electron cyclo-
tron frequency and plasma electrons frequency, respectively.
The dielectric tensor in cylindrical coordinate is obtained by
using the Maxwell’s equations and source current as follows:
err;I ¼ ehh;I ¼ 1
x2p
ðx2  ðXceÞ2Þ
; ð4Þ
erh;I ¼ ehr;I ¼
ix2p
x
Xce
ðx2 X2ceÞ
; ð5Þ
erz;I ¼ 0; ezr;I ¼ 0; ehz;I ¼ 0; ezh;I ¼ 0; ð6Þ
ezz;I ¼ 1
x2p
x2
: ð7Þ
With the aid of the linearized continuity, momentum transfer,
and Maxwell’s equations together with Floquent’s theorem the
fluctuating transverse fields are obtained as a function of the axial
electric and magnetic fields as follows:dE^r ¼ iv2 k
@dE^z
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ð11ÞThe dispersion relation
By using Eqs. (8)–(11) and Maxwell equations the following
fourth-order differential equations are obtained for the electric
and magnetic fields as follows:
ðr2? þ v2þ;I;pÞðr2? þ v2;I;pÞdE^z ¼ 0; ð12Þ
ðr2? þ v2þ;I;pÞðr2? þ v2;I;pÞdB^z ¼ 0; ð13Þ
where
v;I;p¼v2 2 1
x2p
ðx2X2ceÞ
" # !1
1 x
2
p
ðx2X2ceÞ
þKscpð12apÞ
 !(
 1 x
2
p
ðx2X2ceÞ
þKscpð12apÞ
 !224
4KscpKþpKp 1
x2p
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 !#1=29=
;
Kscp ¼ 1
x2p
x2
;
There are two modes in the name of v;I;p. For convenience, the
vþ;I;p and v;I;p display the X- and O modes respectively. There are
two limiting case (1) in the absence of the magnetic field above
equation reduces to v;I;p ¼ v2Kscp. In this case there are degenerate
modes which correspond to left and right circular waves in uni-
form plasma (2) in the infinite axial magnetic field we have that
vþ;I;p ¼ v2 and v;I;p ¼ v2Kscp. These modes are confined transpar-
ent to the plasma and space charge modes, respectively. On the
other hand in the infinite magnetic field limit there is the infinite
plasma in which we may Fourier transform in the transverse direc-
tion and letr2? ¼ k2?. In this limit, Eqs. (12) and (13) reduce to the
familiar dispersion equation for the Appleton-Hartree magneto
ionic modes. If the wave propagates parallel to the axial magnetic
field, then k? ! 0. The following dispersion equation is obtained
from Eqs. (12) and (13) as:
vþ;I;pv;I;p ¼ v4KscpKþpKp ¼ 0
where Kscp is the plasma charge wave dispersion relation and Kp
describes the right and left circularly polarized electromagnetic
waves. Dispersion relation using Eqs. (11) and (12) and applying
boundary conditions is obtained. For one of the two appropriate
modes these equations reduce to the following:
ðr2? þ v2;I;pÞdE^z ¼ 0 ð14Þ
ðr2? þ v2;I;pÞdB^z ¼ 0 ð15Þ
Fig. 2. The normalized frequency versus wave number for several values of plasma frequency.
Fig. 3. Normalized axial electric field versus radius for several values of plasma frequency.
M. Shaban et al. / Results in Physics 6 (2016) 683–689 685
Fig. 5. Normalized axial electric field versus radius for several values of cyclotron
frequency for O-mode.
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dE^z ¼
AJ0ðv;I;prÞ;0 6 r 6 Rh
DJ0ðqrÞ þ EYlðqrÞ;Rh < r 6 Rg

ð16Þ
dB^z ¼
FJ0ðv;I;prÞ;0 6 r 6 Rh
kJ0ðqrÞ þ LY0ðqrÞ;Rh < r 6 Rg :

ð17Þ
where q ¼ ðe x2=c2  k2Þ1=2.
By applying the boundary conditions on the waveguide wall,
the following equations are obtained:
dE^z ¼
AJ0ðv;I;bprÞ;0 6 r 6 Rh
D WðqRg ; qrÞ;Rh < r 6 Rg
(
ð18Þ
dB^z ¼
FJ0ðv;I;bprÞ;0 6 r 6 Rb
KW 0ðqRg ; qrÞ;Rh < r 6 Rg
(
ð19Þ
where,
WðqRg ; qrÞ ¼ Y0ðqRgÞJ0ðqrÞ  J0ðqRgÞY0ðqrÞ;
W 0ðqRg ; qrÞ ¼ Y 00ðqRgÞJ0ðqrÞ  J00ðqRgÞY0ðqrÞ:
By applying the boundary conditions on the coil, the following
equations are obtained:
1-dE^zðRh  eÞ ¼ dE^zðRh þ eÞ ð20Þ
2-dE^hðRh  eÞ ¼ dE^hðRh þ eÞ ð21Þ
Coefficients A and D, are shown by the following equation:
D ¼ A J0ðv;I;pRhÞ=WðqRg ; qRhÞ
K ¼ qv;I;p½FðJ00ðv;I;pRhÞ þ RpJ00ðv;I;pRhÞÞ
 iAðckRp=xÞJ00ðv;I;pRhÞ=ðv2W 00ðqRg ; qRhÞÞ;
where
W 00ðqRg ; qRhÞ ¼ Y 00ðqRgÞJ00ðqRhÞ  J00ðqRgÞY 00ðqRhÞ;
WðqRg ; qRhÞ ¼ Y0ðqRgÞJ0ðqRhÞ  J0ðqRgÞY0ðqRhÞ;
To obtain the dispersion relation, the discontinuity in the axial
and azimuthal magnetic field will be used:Fig. 4. Normalized axial electric field versus radius for several values of cyclotron
frequency for X-mode.2-dB^zðRh  eÞ  dB^zðRh þ eÞ ¼ 4pc d^JkDRh cosu; ð22Þ
1-dBhðRh þ eÞ  dBhðRh  eÞ ¼ 4pc dJkDRh sinu; ð23Þ
By using Eqs. (22) and (23), one obtains the following equation:
A ¼ 4 d^JkDRh
c
iW 00ðq Rg ; q RhÞ cosuT3  iv2 sinu T1
T1 T4 þ T3 T2
 
; ð24Þ
F ¼ 4pdJkDRh
c
W 00ðqRg ; qRhÞ cosuT4  v2 sinuT2
T1 T4 þ T3 T2
" #
; ð25Þ
where T1; T2; T3; T4 are as follows:
T1 ¼ J0ðv;I;pRhÞW 00ðqRg ; qRhÞ 
qv;I;p
v2 W
0ðqRg ; qRhÞ½J00ðv;I;pRhÞ
þ RpJ00ðv;I;pRhÞ
T2 ¼ J0ðv;I;pRhÞW 00ðqRg ; qRhÞ þ
qv;I;p
v2 W
0ðqRg ; qRhÞ
ckRp
x
J00ðv;I;pRhÞ
T3 ¼ kRpv;I;pJ00ðv;I;pRhÞ
T4 ¼ v
2 ex
cqWðqRg ; qRhÞ
½Y0ðqRgÞJ00ðqRhÞ  J0ðqRgÞY 00ðqRhÞJ0ðv;II;pRhÞ
 v;I;px
c
þ kRp ckxv;I;p
 
J00ðv;I;pRhÞ
where W 0ðqRg ; qRhÞ ¼ Y 00ðqRgÞJ0ðqRhÞ  J00ðqRgÞY0ðqRhÞ:
The last boundary condition, representing a parallel component
of the electric field on the coil is zero: [14],
½dEz sinuþ dEz cosu ¼ 0; ð26Þ
Dispersion relation is obtained by using Eqs. (24)–(26) as
follows:
fWð1Þ þWð2Þg ¼ 0 ð27Þ
where
Wð1Þ ¼ 4p d^Jk DRhc
iW 00 ðqRg ;qRhÞcosuT3iv2sinuT1
T1T4þT3T2
h i
J0ðv;I;pRhÞsinu
kv;I;p
v2 Rpðx; kÞcosu J00ðv;I;pRhÞ
h i
;
Fig. 6. Comparison of axial electric field as a function of radius between x-mode and O-mode.
Fig. 7. Normalized axial electric field versus radius with and without the electron beam.
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Wð2Þ ¼ i4p d^Jk DRhc
W 00 ðqRg ;qRhÞcosuT4v2sinuT2
T1 T4þT3 T2
h i
J00ðv;I;pRhÞ
xv;I;p
c2 cosu½1þ Rpðx; kÞ
h i
;
where q ¼ ðe x2=c2  k2Þ1=2, W 00ðqRg ; qRhÞ ¼ Y 00ðqRgÞJ00ðqRhÞ
J00ðqRgÞY 00ðqRhÞ. The dJk, is the surface current density parallel to
the helix [2].
Numerical results and conclusions
The nominal parameters of this system correspond to a plasma
column with radius Rp ¼ 0:05 cm that completely filled the helix
with a period Rh ¼ 0:080137 cm, a width Rh ¼ 0:035 cm and a
radius of Rh ¼ 0:12446 cm. The entire system is enclosed within a
wall of radius Rg ¼ 0:2794 cm. By numerical computation for Eq.
(27), we can obtain the dispersion relation of the slow wave struc-
ture filled with plasma. The relative amplitude of the axial electric
field can be obtained from Eqs. (16)–(19) when the frequency is
fixed (f ¼ 10 GHz).
We first consider the X-mode that corresponding to vþ;I;p. Fig. 2
shows the effect of plasma on the dispersion characteristics in the
absence of an electron beam. The chosen parameters are Xce ¼ 0:1
and e ¼ 1:0. In the absence of the plasma there is only the helix
mode. In the presence of the plasma, two curves corresponding
to the lowest frequency solutions for the plasma mode and the
highest frequency for the helix mode. The plasma modes between
x ¼ 0 and x ¼ xp depend on the presence of the plasma, and it
represents the plasma oscillation in a finite plasma. The finite
boundary has caused the Langmuir oscillation now propagates.
As seen in this figure there is a coupling of an electromagnetic
wave supported by the helix and an electrostatic wave correspond-
ing to plasma.
Fig. 3 illustrates the radial profiles of the axial electric field for
several values of plasma density for X-mode. As seen in this figure,
there are two regions. The region 1 (0 < r < Rh) that is completely
filled with plasma and the region 2 (Rh < r < Rg) that is dielectric.
Inside the region 1 the electric field increases by increasing of the r
until it reaches its maximum value on the helix. This behavior of
the electric field in the region 2 is reverse. It is apparent from the
figure that in the fixed radius as the plasma electron density
increases, the value of the axial electric field also increases. This
is because of the fact that the density of the plasma electron has
direct relation with the electric field. The transverse structure of
such wave electric field in cylindrical coordinates is described by
modified Bessel functions. As the plasma frequency increases the
v;I;p also increases and, by considering mathematical properties
of modified Bessel function, the axial electric field inside the
plasma increases. In the absence of plasma, the axial field of a slow
wave is strongest near the dielectric and a beam would have to be
placed close to the dielectric to experience a strong interaction
with the wave. With an over dense plasma present the field within
the plasma can be enhanced. The coupling impedance on axis (in
ohms) is defined as
Z ¼ 377 jEzð0Þj2 k2 Re
Z
d2r z^  E^  B^
   
where B^ and E^ are the magnetic and electric fields of the mode. The
strength of the component of the field, which interacts with the
beam, is normalized to the power being carried by the wave mea-
sured by the coupling impedance. As shown in Fig. 3, the presence
of plasma increases the axial electric field near the axis. According
to this relation, the presence of the plasma increases the coupling
impedance. On the other hand, Fig. 3 shows that the effect of plasmais to flat the profile of the electric field. This is of interest since in
this case all beam particles immersed into the plasma can experi-
ence the same deceleration field. Numerical results show that in
this case there is no difference between the X- and O-modes.
Now we want to response the question of axial magnetic field
on the radial variation of the axial electric field. It is apparent that
at sufficiently strong axial magnetic fields the electrons motion
will be drastically one-dimensional since the transverse motion
of the electron in the presence of the axial magnetic field and elec-
tromagnetic field of the helix will be suppressed. As a result, the
specifications of the interaction can be expected to change with
increasing values of the axial magnetic field until the field becomes
strong enough to suppress the transverse electron motion and to
remain relatively constant thereafter. In Fig. 4, xp ¼ 0:01 and
e ¼ 1:75. This figure shows the radial profile of axial electric field
for different values of cyclotron frequency for X-mode. As seen in
this figure in region 1 the axial electric field increases by increasing
the axial guide field until it reaches its maximum at Xce ¼ 0:03. It is
shown that the axial electric field remains constant in strong mag-
netic field limits. It is apparent from the Fig. 4 that the radial profile
of the axial electric field in region 2 is approximately constant with
the variation of the cyclotron frequency.
In Fig. 5, xp ¼ 0:01 and e ¼ 1:75. This figure shows the radial
profile of axial electric field in regions 1 and 2 for several values
of cyclotron frequency for O-mode. As seen in this figure in region
1 the axial electric field decrease by increasing the axial guide field
until reaches its minimum at Xce ¼ 0:02 and after this increase by
increasing the magnetic field. This figure shows that the electric
field in the strong magnetic field limit remains constant. The radial
profile of the axial electric field in region 2 is not very sensitive to
the variation of the cyclotron frequency. As seen from Figs. 4 and 5
the radial profile of the electric field for several values of axial elec-
tric field for X- and O-modes have different behavior.
Fig. 6 shows the comparison of radial profile of electric field for
X- and O-modes. It is clear in regions 1 and 2 that the X-mode axial
electric field is greater than the O-mode.
Fig. 7 shows the radial profile of the axial electric fields with and
without the electron beam for X mode in region 1. The chosen
parameters are c ¼ 1:005558, xp ¼ 0:005 and Xce ¼ 0:1. As seen
in this figure the presence of the electron beam decrease the elec-
tric field. This is because of the fact that the presence of the elec-
tron beam removes the plasma electrons and finally decreases
the electric field inside the plasma.
Summary
The radial profile of the axial electric field plays the important
role in the interaction of electron beam and electromagnetic wave
in the traveling wave tube. In the absence of plasma, the radial pro-
file of the electric field is strongest near the helix wall [19] and
causes some problem in the operation of the traveling wave tube.
In the present work, we investigate the effect of plasma and system
parameters on the radial profile of axial electric field in the absence
of the electron beam. The scope is to increase the amplitude of the
axial electric field near the center of the helix axis. The results
show that the presence of plasma and dielectric considerably
increases the amplitude of the axial electric field near the axis of
the helix. The results show that the behavior of the X-mode and
O-mode are different.
References
[1] Pierce JR, Field LM. Proc IRE 1947;35:108.
[2] Freund HP, Kodis MA, Vanderplaats NR. IEEE Trans Plasma Sci 1992;20:543.
[3] He J, Wei YY, Gong YB, Wang WX. Chin Phys Lett 2009;26:114103.
[4] Wei YY, Wang WX, Sun JH, Liu SG, Baofu J, Gun-Sik P. Chin Phys 2002;11:277.
[5] Uhm HS, Choe JY. J Appl Phys 1982;53:8483.
M. Shaban et al. / Results in Physics 6 (2016) 683–689 689[6] Zhu XF, Yang ZH, Li B. IEEE Trans Plasma Sci 2006;34:563.
[7] Kireeff Covo M, Benitez JY, Ratti A, Vujic JL. Integrating a traveling wave tube
into an AECR-U Ion Source. IEEE Trans Plasma Sci 2011;39:1455.
[8] Roddy Dennis. Satellite communications. New York: McGraw-Hill; 2006. ISBN.
9780071462983.
[9] Sivan L. Microwave tube transmitters. Chapman & Hall; 1994.
[10] Saviz S, Shahi F. IEEE Trans Plasma Sci 2014;42:917.
[11] Saviz S. IEEE Trans Plasma Sci 2014;42:2023.[12] Saviz S. Can J Phys 2012;90:1237.
[13] Liu SG, Barker JR, Yan Y, Zhu DJ. IEEE Trans Plasma Sci 2000;28:2152.
[14] Xie HQ, Yan Y, Liu SG. High power laser and particle beams 2001;13:45.
[15] Pant KK et al. IEEE Trans Plasma Sci 1992;20(6).
[16] Kumar M, Bhasin L, Tripathi VK. Phys Scr 2010;81:025502.
[17] Xie HQ, Liu PK. Chin Phys Soc 2007;16:766.
[18] Freund HP, Vanderplaats NR, Kodis MA. IEEE Trans Plasma Sci 1993;21:654.
[19] Feinstein J, Felch K. IEEE Trans Plasma Sci 1987;34:461.
